Universal spin-induced Time Reversal Symmetry breaking in two-dimensional 
electron gases with Rashba spin-orbit interaction 
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We have experimentally studied the spin-induced time reversal symmetry (TRS) breaking as a 
function of the relative strength of the Zeeman energy (Ez) and the Rashba spin-orbit interaction 
energy (Esoi), in InGaAs-based 2D electron gases. We find that the TRS breaking, and hence the 
associated dephasing time r$(B), saturates when Ez becomes comparable to Esoi- Moreover, we 
show that the spin-induced TRS breaking mechanism is a universal function of the ratio Ez / Esoi , 
within the experimental accuracy. 

PACS numbers: 73.23.-b, 71.70.Ej, 72.25.Rb 



The spin dynamics in solid state systems is com- 
monly determined by the competition between two en- 
ergy scales; the Zeeman energy and spin-orbit interaction 
(SOI) energy. If the Zeeman energy (Ez) is dominant, 
the spin is always aligned with the applied magnetic field. 
In contrast, if the spin-orbit interaction is dominant, the 
spin and orbital dynamics are coupled, and elastic scat- 
tering therefore randomizes the spin precession axis. This 
results in a finite spin relaxation time r s (0) p|. Hence, 
the " control parameter" for the spin dynamics in diffusive 
systems is the ratio Ez/Esoi, where Esoi = ^/t s (0). 
Consequently, many proposals and physical phenomena 
in the field of spintronics depend on the ratio of these 
two energy scales 0, 0, Q. 

An example where the spin dynamics, and therefore 
the ratio Ez/Esoi, plays an important role is in phase- 
coherent transport: quantum interference is qualitatively 
different for E z /E S oi < 1 and E z /E S oi > 1- For 
Ez/Esoi 00 the spin dynamics does not depend 
on the orbital motion of the electrons (Fig. la). The 
spin is a good quantum number and the interference 
takes place within each spin-subband separately. For 
Ez/Esoi *C 1- the spin is not a conserved quantity, 
and the spin randomly precesses during the orbital mo- 
tion (Fig. lb). This leads to mixing of the spin sub- 
bands in the interference process (resulting in weak-anti 
localization^ 0). Increasing the ratio Ez/Esoi leads 
therefore to a crossover between two conceptually differ- 
ent physical conditions. 

In the limit Ez/Esoi "C 1, it was recently shown 
theoretically^ and experimentally^, that increasing 
the ratio Ez/Esoi from to a finite value (<C 1), re- 
sults in dephasing of time-reversed paths, i.e. it induces 
Time Reversal Symmetry (TRS) breaking. The effect 
of the interplay between Zeeman and SOI on quantum 
interference is therefore quite similar to a small perpen- 
dicular magnetic field (i.e. a magnetic flux); they both 
introduce an upper time-scale for interference, which is 
shorter than the inelastic scattering time[lfl|. We denote 



this upper time-scale due to the interplay between Zee- 
man and SOI by T<j,(Bu). 

In this paper we investigate experimentally the TRS 
breaking, due to the competition between Zeeman cou- 
pling and Rashba SOI 11], for the whole range of 
Ez/Esoi, i- e up to Ez/Esoi 1< We demonstrate that 
the spin-induced TRS breaking, and hence the associated 
dephasing time T(j,(Bn), saturates when Ez/Esoi ~ 1> 
i.e. when the spin becomes aligned with the external 
magnetic field. The saturation value of the dephasing 
time t$(B\\) is found to depend exclusively on the spin 
relaxation time t s (0). Moreover, we show that the quan- 
tity t s (O)/t0(B||) is a universal function of Ez/ Esoi, 
i.e. it is independent of any details of the quantum well, 
such as the electron density, elastic scattering time and 
Rashba spin-split energy A. All these conclusions are 
based on the detailed quantitative analysis of the magne- 
toconductance as a function of perpendicular and parallel 
magnetic field. 

In our investigation we have used three gated In- 





FIG. 1: Schematic illustration of the relevant time-reversed 
trajectories contributing to weak-(anti)localization for the 
case of negligible SOI (a; Ez/Esoi — ► oo) and strong SOI 
(b; Ez/Esoi <C 1). If SOI is negligible the spin remains 
parallel to itself and interference takes place for each spin- 
subband separately. If SOI is strong, the spin dynamics has 
to be taken into account. This changes the nature of time- 
reversed trajectories and makes them sensitive to the presence 
of a magnetic field applied parallel to the plane of the two- 
dimensional electron gas. 
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AlAs/InGaAs/InAlAs based quantum wells, which were 
designed to have different values of Rashba SOI 
strength^]. At V gat e — OF, the characteristic spin-split 
energy A for the different samples are A ss 0.5, 1.5 and 
1.8 meV. We will refer to these samples as to samples 
1, 2, and 3, respectively (see also ||). A 14T magnet 
is used to generate Bn (i.e. Zeeman coupling), and split 
coils mounted on the sample holder are used to indepen- 
dently control B±. The electron density and mobility at 
Vg a te — 0V are n ~ 7 • 10 15 to~ 2 and ju ~ 4 m 2 /Vs, re- 
spectively. All measurements have been performed on 20 
x 80 \xm Hall-bar shaped devices, at T=1.6K. 

Experimentally, the values of Ttj>(Bu), which quantify 
the TRS breaking at different values of Ez/Esoi, are 
obtained from the magnetoconductance as a function of 
B±, at different fixed values of Bu (i.e. Ez). Specifically, 
from the quantitative analysis of the line-shape of the 
resulting magnetoconductance curves a(B±), the values 
of t${B\\) can be extracted. For all details of extracting 
T0(-B||) we refer the reader to 0- Here we recall that we 
use the theory of Iordanskii, Lyanda-Geller and Pikus 
(ILP) @, in which r^(Bii) and the spi n relaxation time 
t s (Bu) are the only free parameters [13j. 

Figure 2 shows an example of the measured magneto- 
conductance curves o~(B±) at different values of Bn (open 
dots) for sample 3. The continuous lines superimposed 
on the data represent the best fit to the ILP theory. We 
find very good agreement between data and theory for 
all values of Bu , or equivalently, for all values of the ra- 
tio Ez/Esoi- This kind of analysis has been performed 
for all samples, and for different values of the electron 
density, elastic scattering time and SOI strength [lij. 

Note that for Ez/Esoi > 1 the weak-antilocalization 
is fully suppressed (see Fig. 2). Therefore, in the limit 
that Ez/Esoi > 1, T 4>(B\\) is the only free parameter 
in the ILP model to fit the data, and can be deter- 
mined with great accuracy. Only in the narrow region 
where Ez ~ Esoi, the value of t^Bu) is possibly de- 
termined with somewhat less accuracy, due to potential 
Bu -induced anisotropics in the spin relaxation time. 

In Figure 3 we first plot the extracted values of t^{B\\) 
as a function of By (or more precise, Bjj), since this is 
the experimentally applied parameter. For each value 
of Esoi > we find the same qualitative behavior of the 
T0(£?||)-curve (results from all three samples are shown). 
For small values of _B|, the slope d{l / t^B^)) / dB"^ (here- 
after called " dephasing-slope" ) is large, and depends 
strongly on the value of Esoi ■ For large values of i? 2 (or 
E^) the dephasing-slope is found to be much smaller. In 
both limits, we find that the dephasing-slope is constant, 
i.e. l/r^By) oc Bjj. The value of Bjj (or E\) at which 
the crossover occurs is larger for larger values of Esoi- 
Anticipating, the crossover occurs when Ez/Esoi ~ 1 
(see Fig. 4). 

The large dephasing-slope for Ez /Esoi 1 is due to 
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FIG. 2: (Color online) The magnetoconductance a(B±) 
of sample 3, measured at different values of Ez / Esoi'- 
0, 0.23, 0.46, 0.70, 1.16, 2.33, 3.72, and 4.66, corresponding to 
Sy = 0, 0.5, 1, 1.5, 2.5, 5, 8, and 10T. The solid lines represent 
the best fits to the ILP theory, from which we obtain t^{Bu) 
and T 3 (Bu), and hence also Esoi = ft/r s (0). 
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FIG. 3: (Color online) Extracted values of the dephasing rate 
l/r0(B||) as a function of Bjj. The different symbols corre- 
spond to different values of Esoi (16^1 (results from all three 
samples are shown). The solid lines act as a guide to the eye. 



the competition between Zeeman coupling and Rashba 
SOI 8]. In contrast, the small dephasing-slope in the high 
field limit can be attributed to the coupling of Bn to the 
orbital motion of the electrons. Hence, Fig. 3 suggests 
that the spin-induced dephasing of time reversed waves - 
i.e. the spin-induced TRS breaking - saturates. 

To show the spin-induced part of the measured de- 
phasing rate 1/t^(B»), we subtract the contribution 
due to inelastic scattering (= 1/^(0)), and denote the 
spin-induced dephasing rate by r^By), with T^(B\\) = 
l/r^-By) — 1/t0(O). For E z /E S oi <C 1 the spin- induced 
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FIG. 4: (Color online) The spin-induced dephasing rate 
ri(-B||) multiplied by r s (0), as a function of (Ez/Esoi) 2 , 
with r^(B||) = I/T4, (By) ~~ l/ r </>(0)i and r 0(O) is tne inelastic 
scattering time. Results from all three samples are shown, 
illustrating that irrespective of sample, electron density, SOI 
strength, etc., the data collapse on nearly a single curve. 



dephasing rate of time-reversed waves T S ^(B^) is given 
byi 7i(0)rj(fl||) = (E z /E SOI ) 2 . In figure 4 we plot 
r s (0)r^(_B||) for the whole measured range of Ez/Esoi 
|l7| . For all samples, and all different values of elec- 
tron density, elastic scattering time, Rashba strength, 
and Esoi, the quantity r s (0)r? (By) collapses to nearly 
the same curve (the combined error in the determination 
of r s (0) and T S ^(B\\) is typically 10%). We therefore con- 
clude that the spin-induced TRS breaking in quantum 
wells with Rashba SOI (or more precisely t s (0)T^(B^)) 
is a universal function of Ez /Esoi, within the experi- 
mental accuracy. 

The spin-induced TRS breaking (or T^(B^)) saturates 
when Ez/Esoi ~ 1- For this strength of the Zeeman 
coupling the spins start becoming parallel or anti- paral- 
lel with By . This conclusion is consistent with the obser- 
vation that for Ez / Esoi ~ 1 the weak-antilocalization is 
just fully suppressed (see Fig. 2): when the spins become 
aligned with Bu , only weak-localization is expected, since 
conceptually this situation is identical to the case where 
only a small perpendicular field is present, and the spins 
are aligned with B±. 

Currently, there are no theoretical predictions for the 
behavior of T s {0)Ti(B^) when Ez/Esoi is not small, i.e. 
when the Zeeman coupling is not a small perturbation. 
It has only been predicted, for specific cases, that the 
magnetoconductance <x(-B||) saturates when Ez /Esoi ^> 
1, indicating a saturation of r s (0)r?(S||) 18]. However, 
the corresponding behavior of r s (0)r^(_B||) - in particular 
its universal character - had not been recognized so far. 

We understand the saturation of T^(B\\) for 
Ez/Esoi ^> 1, and the dependence of the saturation 



value of r?(B||) on spin relaxation time r s (0), in the 
following intuitive way. Imagine first that the Zeeman 
splitting is large and SOI is absent. At the Fermi en- 
ergy, the spin-split subbands are then well separated in 
k-space, and are fully decoupled. In that case each sub- 
band contributes separately to the interference, and the 
upper time-scale for interference is the inelastic scattering 
time, independent of the size of the Zeeman splitting. In 
the presence of SOI, the spin subbands become weakly 
coupled, i.e. a particle can be scattered from one spin 
subband to the other (flip its spin). Imagine there is a 
spin-flip center at a certain position along the path. Both 
time-reversed waves will then flip their spin at that posi- 
tion, and hence at different times in general. The waves 
spend therefore different amounts of time in each spin 
subband before they interfere, and obtain a large phase 
difference, since fcp,T — &f,j. is large (large Zeeman split- 
ting). This implies that waves do no longer contribute 
to the interference (on average) if a spin-flip event takes 
place along the path. The upper time-scale for quantum 
interference is therefore reduced to (roughly) the spin re- 
laxation time r s (0) , independent of the Zeeman splitting, 
as long as fcj?,f —kp,i is large enough. This simple picture 
is in qualitative agreement with our experiments. 

Finally, we focus in more detail on the remaining small, 
but finite, dephasing-slope for Ez/Esoi 1 (see Figs. 
3 and 4). To show the remaining dephasing rate for 
Ez I Esoi 3> 1 most clearly, we subtract the spin- induced 
dephasing rate in this limit - which equals the saturation 
value 1/t$(Ez/Esoi = 1) - an d denote the resulting de- 
phasing rate by r^ rb (B||). Fig. 5 shows the extracted 

values of T^^) = l/r*(B||) - 1/t^E z /E SO i = 1) 
for sample 1 (weakest SOI), for different values of the 
electron density|lj| (Note that the -B|-field scale in 
this graph is much larger than in Figs. 3 and 4, i.e. 
Ez/Esoi ^> 1). We find that the dephasing slope is 
larger for larger values of the electron density. In partic- 
ular, we find that the remaining dephasing slope scales 
about linearly with the Fermi velocity (see inset). 

The finite thickness of the quantum well makes that Bi\ 
does not only couple to the electron spin (Zeeman cou- 
pling), but also to its orbital motion. It has been shown 
that this orbital coupling can also break TRS, via var- 
ious mechanisms |2ll l22j. These mechanisms depend on 
the specific (non-universal) details of the quantum well, 
such as surface roughness, z-dependence of the scattering 
potential in the 2DEG, and the asymmetry of the con- 
fining potential. The linear dependence of T'^' b (B^) (or 
l/r^,(i?||)) on Bp together with the linear dependence 
of the dephasing-slope on oj?, indicates that the (small) 
remaining slope for Ez/Esoi S> 1 is caused by surface 
roughness [2lj. The resulting dephasing-slope is given by 
9(l/T0(S||))/aB| « ^e 2 d 2 Lv F /h 2 , where d is the mean 
roughness height and L is the correlation length of the 
roughness. For our quantum well we find d 2 L « 0.4 nm 3 , 
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FIG. 5: (Color online) The measured values of r; r6 (B||) = 
1/t</,(-B||) — l/T t f,(Ez jE soi = 1) in sample 1, for various val- 
ues of the electron density (i.e. vf)- The dephasing- slope, 
9(l/T^(-B||))/aSf = dT% rb {B\\)/dBl, depends about linearly 
on vf (see inset). This indicates that surface roughness is 
the main orbital TRS breaking mechanism. Note that the 
Bn-scale is much larger than in Figs. 3 and 4. 



which is a small value in comparison to other reports |9|- 
In general, the orbital mechanism will break the uni- 
versality of the experimentally measured TRS breaking 
in systems with SOI, since it adds to the (universal) 
spin-induced TRS breaking mechanism. In our sam- 
ples, the orbital TRS mechanism is very small an hence 
unimportant, so it affects the universality only minorly. 
This allows us to observe the universal behavior of the 
spin-induced TRS breaking for all values of the ratio 
Ez/Esoi- 

In conclusion, we have demonstrated that the TRS 
breaking rate (Bn ) , caused by the competition between 
Rashba and Zeeman, saturates when Ez ~ Esoi- This 
is because for Ez > Esoi, two Fermi surfaces start be- 
ing formed with well-defined spin direction, pointing ei- 
ther parallel or anti-parallel to B\\. Moreover, we have 
shown that the scaled dephasing rate, t s (0)T^(Bu), is a 
universal function of the ratio Ez /Esoi, within the ex- 
perimental accuracy. Finally, we have shown that this 
universality is broken by the coupling of the magnetic 
field to the orbital motion of the electrons. 
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Takayanagi for stimulating discussion and support. 
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